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(71) We, SHELL INTERNATION- 
ALE RESEARCH MAATSCHAPPIJ N.V., 
a company organised under the laws of The 
Netherlands, of 30 Carel van Bylanddaan, 
5 The Hague, The Netherlands, do hereby de- 
dare the invention, for which we pray diat a 
patent may be granted to us, and the method 
by which it is to be performed to be par- 
ticularly described in and by the following 
10 statement:— 

The removal of finely-divided solid parti- 
cles from entrairiing gases is necessary in al- 
most any system in which die gas is to be 
passed through a fluid dynamic device con- 
15 taining gas-defiecdng walls, such as an ex- 
pansion turbine at a compxessor, to prevent 
erosion damage to such dsvicos. Additionally, 
if the entraining gas is ultimately to be dis- 
charged to the atmosphere, die removal of 
20 paniculate matter is also important from an 
environmental conservation standpoint. 

Both of these considerations are present, 
for example, in the treatment of gases de- 
rived from the regeneration of cracking cata- 
25 lyst employed in a fluid catalytic cracking unit 
used in petroleum refining. The regeneration 
gas from such units generally contain en- 
trained catalyst particles of the order of 1 to 
75 microns in size which must be substantial- 
30 ly removed from die gas before it can be 
passed to power recovery turbines or odier 
means of recovering die latent energy con- 
tained theiein. In addidon, it is desirable to 
remove the catalyst parddes from the xegene- 
35 rating gas to conserve catalyst and also to re- 
duce paniculate emissions to die atmosphere 
which has come under inczeasingly strict 
legislative regulation. 
A number of systems and devices have 
40 been developed to effect separation of en- 
trained solid particles from solid partide- 
bearing gases. Commonly employed in such 
systems are tubular centrifugal separators, 
also called cydone separators, which are rela- 
45 tively simple devices comprising two con- 
centric tubes, the inner tube serving as a gas 
t and vortex finder, while the outer tube 



serves as a swirl chamber in whidi die soh'd 
parades are centrifugally held against the 
wall and away from the vortex. Tangential 
velodty is imparted to the solid partides- 
bearing gas by means of swirl vanes located 
between the vortex finder and the swirl 
chamber, or by a tangential inlet. The sep- 
arated particles are disdiarged from an open- 
ing in the bottom of the swirl chamber which 
usually has a conical shape, although swiri 
chambers having flat-bottom slotted tubes 
have also been disclosed, for example,, in 
U.S. Patent Specification No. 3,066,854. 

Cydone separators of the type described 
above generally function effectively as long 
as the inlet and outiet gas flows are balanced, 
Unfortunatdy, however, systems in vdiidi 
such separators are employed are subject to 
periodic upsets or flow maldistributions, dur- 
ing which time larger than normal volumes 
of solids may enter die separators or erratic 
gas flows may be experienced. Under ccm- 
ditions of upset, most conventional separators 
do not perfonn satisfactorily because of in- 
adequate solids discharge rates which cause 
accumulations of solid partides in the bottom 
of the tubes. These partides are eventually 
swept up and re-entrained in the gas leaving 
±e vortex finder resulting in downstream ero- 
sion damage and excessive particulate emis- 
sions. 

In systems employing multiple cydone 
separators connected to a common gas source 
and a common partides collection chamber, 
reductions in separation efficiency are often 
experienced from non-external sources, i.e., 
dirough flow maldistributions within die sep- 
arating apparatus per se. For example, when a 
nimiber of such separators are connected in 
parallel, pluggii^ of the tangential inlet or 
one or more slots of die swirl vane in one of 
the separators will cause a decrease in flow in 
diat separator, with a corresponding increase 
in flow in the remaining separators. This re- 
sults in "blowback" from the other separators 
into the partially blocked separator which is 
detrimental to separator performance causing 
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cany-over of partides. Flow maldistribution 
can also result from other conditions in the 
separation apparatus, for example, partial or 
total blodcage of the vortex finder, excess 
5 clearance about the swirl vanes, and dents or 
other irregularities in the tubes, all of which 
also will adversely affea separation effidency. 
In view of this it is apparent that the develop- 
ment of an apparatus for the separation of 
10 sohd partides from solid particles-bearing 
gases which has a very high tolerance to 
upsets and internally caused flow maldistri- 
buti(U25 would be highly benefidal. The pres- 
ent invention provides such an apparatus, 
15 which is not ca^y unexpectedly insensitive to 
flow maldistributions, but provides a numb^ 
of additional advantages as wdl as herein- 
after discussed. 
According to Ae present inventiQn an ap- 
20 paratus for separating findy-divided solid 
partides from an entraining gas, comprises 
means for supplying solid partides-bearing 
gas to a plurality of tubular cydon© separa- 
tors arranged to operate in parallel and to dis- 
25 diarge separated particles into a common col- 
lecdon chamber the cross-sectional area of 
which, at the disdiarge level of said separa- 
tors, is greater than the combined cross-sec- 
tional areas of the discharge ports of said 
30 separators, the disposition of said separators 
being such diat when said apparatus is in its 
operating position each of said separators is 
substantially uprigjit, each of said separators 
comprising an open-ended tubular vortex 
35 finder lying partiy within an open-ended 
swirl tube of substantially uniform diameter, 
which swirl mbe is co-axial with said vortex 
finder and has, at its end remote from said 
vortex finder, a partide discharge port of 
40 substantially tiie same diameter as the swiri 
tube, and swirl vanes for introdudng solid 
pardd«-bearing gas into the swirl tube with 
tangential velocity, said swirl vanes having 
a disdiaige angle of 30"* or less (measured 
45 in the manner as hereinafter described). 

Also, according to the present invention a 
method of separating finely-divided solid 
partides from an entraining gas comprises 
supplying sdid partides-beiring gas to a 
50 plurality of substantially upri^t tidHilar cy- 
donc separators^ eadi fk said separators pro- 
viding a tubular swirl zone of substantially 
imiform diameter into which the gas is intro- 
duced with tangential vdodty by means of 
55 swirl vanes having a discharge angle of 30° 
or less (measured in the manner as herein- 
after described), withdrawing substantially 
partides-free gas upwardly from the vortex 
of the resulting swirling flow within eadi 
60 swirl zone, and withdrawing solid partides 
from the bottom of eadi swirl zone without 
flow restriction into a common collection zone 
of substantially greater cross-sectional area 
at the discharge level of said separators than 
65 the combined cross-sectional areas of tl» 



plurality of swiri zones at the bottom thereof. 

Advantageously, the soHd partides-bearing 
gas supplied to said plurality of cydone sep- 
arators is obtained by dividing a common 
input stream of such gas into an equal plurali- 70 
ty of separate gas streams, and the gas with- 
cfcawn upwardly from each swiri zone is com- 
bined to form a substantially particles-free 
off gas. 

The apparatus in accordance with the in- 75 
vention has been found to have an appredably 
greater tolerance to upsets and flow maldis- 
tributions than systems employing separators 
having conical or slotted bottoms. The im- 
proved performance of the present aj^ratus 80 
during periods of external upset is under- 
standable since the separators have no bottom 
on whidi the larger than normal volunie of 
partides can accumulate; therefore, there can 
be no pile-up of particles and consequentiy 85 
less chance of partide re-entrainment The 
reason for the improved effidency during 
periods of internally caused maldistributed 
flows is more obscure, however, since it 
would be expected that swiri tubes with large 90 
unrestricted opem'ngs would be more suscept- 
ible to having solid partides swept up from 
the collection chamber into vortex finider by 
the ba(Mow of gas, than swirl tubes having 
restricted openings. It is thought that out- 95 
standing peifonnance of the present appara- 
tus is due to the formation of a swirling, ex- 
panding drcular gas barrier below each swirl 
diamber which prevents partides in the cd- 
lection chamber from being swept into the 100 
vortex finder m the event of blowbadc. Such a 
gas barrier is not formed with conventional 
tubular cydone separators, or Is formed only 
to a substantially lesser extent, since the gas 
in the swirl tube of such se|>arators loses its 105 
hcHcal momentum upon passing through the 
restricted opening in the bottom of the swiri 
tube. 

In addition to maintaining high separation 
effidency under conditions of upset or mal- 110 
distributed flow, the use of a plurality of cy- 
done separators with substantially unrestrict- 
ed bottcfflos and having swirl vanes as defined 
has been found to increase the effidency of 
separation during normal operation. This 115 
arises from the provision of swirl vanes set 
at the defined critical discharge angles as 
hereinafter discussed. The invention also of- 
fers advantages in respect of reduced erosion 
damage. 120 

Ratios of the diameter of the vortex finder 
to the diameter of the *swirl tube and other 
dimensions of mbular cydones, in general, 
are well known in die art and n^ not be 
described in detail herein. The length of the 125 
bottomless swiri tube employed in Ae present 
apparatus is not critical, except that the swiri 
tube length should be less than the length at 
which substantial reversal of the gas flow 
would occur within the tube. 130 
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The present apparatus is especially suit- 
able for separating catalyst particles entrained 
in regenerating gas obtained from a fluid 
catalytic cracking unit. An important feature 
5 of the present invention is the use of swirl 
vanes having a relativdy small discharge 
angle^ i.e., 30 degrees or less, measured from 
the lower surface of the vane to tihe horizontal 
as shown in Figure 3 of the accompanying 

10 drawings. 

The use of swirl vanes having relatively 
small discharge angles increases tangential 
inlet velocity and correspondingiy, the sep- 
aration efficiency. However, the extent to 

15 which the angle of the vanes can be reduced 
in conventional separators is limited by the 
increased pressure loss and erosion damage 
to the separator walls which occurs as the vane 
discharge angle is reduced. It has been found, 

20 however, that sudi pressure loss and erosion 
are to a large extent nullified when bottom- 
less swirl tubes are employed, thus permitting 
the use of smaller vane angles than in separa- 
tors with restricted bottoms. This is highly 

25 advantageous in that it has been found that 
very fine solid particles, i.e., those having 
cut fK)int diameters of 2.5 microns and lower, 
can be separated with bottomless separators 
having vane angles of 30 degrees or less. In 

30 contrast, die minimum cut point diameter 
partide whidi can be separated by most con- 
ventional separators in service is about 3 to 
4 microns. The cut point diameter is defined 
as the smallest diameter particle which is 

35 separated at 50% separation efficiency. The 
separation of such extremely fine particles 
is, of course, highly advantageous for pur- 
poses of air pollution control as previously 
discussed. 

40 The invention will be further described 
with reference to the accompanying drawings, 
in \^^eh: 

Figure 1 is an elevation view, partly in 
secdon, of a separating apparatus embodying 
45 the invention and containing four tubular 
cyclone separators operating in parallel. 

Figure 2 is an enlarged elevation, partiy 
in section, of a cyclone separator suitable for 
use in the apparams of Figure 1, 
50 Figure 3 is a cross section of a swirl vane 
illustrating how the swirl vane angle is mea- 
sxu'ed, and 

Figure 4 is a graph showing the relation- 
ship between the percentage blowback and 

55. the gross efficiency of a conical bottom and 
a bottomless cyclone separator. 

Referring to Figures 1, 2 and 3, gas con- 
taining entrained solid particles enters the 
separating apparatus through line 1 into dis- 

60 tributing chamber 2 defined by vessel wall 3 
and partition walls 4 and 5, whereby the gas 
is distributed to one of four tubular cyclone 
separators. While four pydcme separators are 
employed in the embodiment ^own, it is tm- 

65 derstood that a l^ser or greater number of 



such separators can be used. In the embodi- 
ment shown, the individual cyclone separa- 
tors are equipped with swirl vanes 6 thn>ugh 
which the gas passes and enters swirl mbe 7 
at a high tangential velocity. In the swirl 70 
tube the solid particles are centrifugally sep- 
arated and are discharged through lower par- 
tide discharge port 9, which has a diameter 
substantially the same as that of the swiil 
tube, into a common collection chamber, de- 75 
fined by hopper 10 which has a cross-sec- 
tional area at the disdiarge levd of said sep- 
arators which is greater than the combined" 
cross-sectional areas of the swirl chambers. 
The clean gas flows through vortex finder 8 80 
into plenum diamber 11 and is discharged 
through duct 12, whereafter it may be passed 
to a power recovery turbine or other fluid 
dynamic device, or to the atmosphere. 

In the embodiment shown in Figure 2 the 85 
tangential vdocity is imparted to the solids- 
bearing gas by means of swixi vanes 6. 

In Figure 3 it is shown how tiie swirl vane 
angle (in this case of the embodiments of 
Figures 1 and 2 it is 30'') is measured with) 90 
respea to the horizontal. 

It will be understood that tiie present sep- 
arating apparatus may be used alone or in 
conjunction with other separating devices. 
For example, in fluid catalytic crackmg units, 95 
three or more separation stages are often 
employed, each being adapted to remove in- 
creasingly smaller sized catalyst particles. The 
present separation apparatus may be employ- 
ed in any of these separation stages, but, 100 
preferably, it is employed in at least one of 
the fmal stages because of the excellent sep- 
aration efficiencies obtainable with small di- 
ameter partides as previously discussed. 

The following examples are now presented 105 
to further demonstrate the invention and the 
advantages diereof. 

EXAMPLE I. 

To demonstrate the ability of the present 
apparatus to maintain separation effidency in 110 
spite of maldistributed flows, a series of ex- 
periments was conducted in which an appara- 
tus in accordance with the invention was sub- 
jeaed to several types of flow maldistribution, 
simulating conditions encountered in com- 115 
merdal operations. The apparatus in accord- 
ance with the invention ^ich was employed 
in these experiments comprised four tubular 
cyclone separators equipped with swirl vanes 
and having bottomless swiri tubes through 120 
whidi separated catalyst was disdiarged into 
a conmion hopper. The solid partides-bear- 
ing gas employed in these experiments was 
air containing the designated amount of cata- 
lytic cradting catalyst, 96% of whidi had « 125 
partide size between 0.6 and 25 microns. 

In one set of experiments, a mmiber of 
vanes in one of the tubular cydone separa- 
tors was blodced causing excessive blowbadc 
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ill that separator due to excessive biow-down 
in the remaining separators caused by handl- 
ing the additional load of die blocked separa- 
tor. This lype of flow maldistribution is here- 
inafter referred to as Type 1 flow maldistri- 
tion. In another experiment^ the vortex finder 
of one of the separaton was plugged causing 
excess blow-down in Ae altered separator, 
with excessive blow-back in the remaining 
separators. This type of flow maldistribudon 
is hereinafter referred to as Tjpe 2 flow 
maldistribution. In a further experiment^ 
Type 2 flow maldistribution was created by 
operating one of the separators with exces- 
sive clearance between the vanes and the wall 
of the swirl chamber which permitted larger 
than normal volumes of gas to enter the swirl 
tube of the altered separator. 

The flow pattenis in each of the experi- 
ments were estabHshed by helium tracer tests 
in which helium was injected into the vane 



dot of one swirl vane and helium concentra- 
tions measured in the air discharged froro 
each of the gas oudets. With flow maldis- 
tribution, two separate sets of concentrations 
were measured— one with heh'um injected into 
the swirl vane slot of an unaltered tube and 
a second with helium injeaed into the swirl 
vane slot of the altered tube. The results of 
these experiments are shown in the following 
tabulation. The percent blowback for Type 1 
flow maldistribution refers to blowback in the 
altered separator, while percent blowback 
with Type 2 flow maldistribution refers to 
blowback in the unaltered tubes. Gross ef- 
ficiency ()?) is calculated according to die 

equation j where U is die total weight 

of the catalyst collected in the underflow 40 
from the separator, and F is die weight of 
the catal3'St charge to the separator. 



TABLE J 



Exp. 
No. 


Malfunction 


Type mai- 
distributed 
flow 


Main 
flow 
rate, 
NmVsec. 


Catalyst 
charge, 
grams 


Bio\v> 
back, 
% 


1 Gross 
effi- 
ciency, 

or 

/c 


1 


None (base 
case) 




1,13 


2028.5 


- 1 


61.6' 


2 


One vane 
slot plugged 




1.13 


1875.6 


5.2 


58.8 


3 


Two vane 

slots 

plugged 


1 


1.09 


1946.6 


25.8 


51.1 


4 


Blocked 
vortex 


2 


1.16 


2222.2 


33.3 


34.0 


5 


Excessive 
clearance, 
3/16" 


2 


1.23 


2211.3 


3.8 


57.3 



1. Average of 3 runs 

The forgoing data demonstrate that mul- 
45 tiple-bottomless separators operating in paral- 
Id retain their separation effidency to a sub- 
stantial degree in spite of high blowback 
flows. 

EXAMPLE II. 

50 In this example a series of experiments 
was conducted comparing the abihty of the 
bottomless tubular cyclone separators em- 
ployed in the apparatus of the invention to 
withstand maldistributed flows as compai«d 

55 to a com'cal bottom separator, under varying 
conditions of blowback. One set of experi- 
ments was carried out with a bottomless 
tubular cyclone separator according to the in- 



25 



30 



35 



vention having a 254 mm diameter swiri 
tube and swiri vanes set at 20** vane angle. 
In these experiments flow rates of from 
0.49 to 0.51 Nmysec. were used. In anotfier 
set of experiments mbular cyclone separators 
were used having a swirl tube with a com'cal 
bottom widi a 38 mm opening and swirl 
vanes set at 30*^ vane angle. In diese experi- 
ments a flow rate of 0.69 NmVsec. was used. 
The results of these experiments arc grajAi- 
cally presented in Figure 4. The upper cunre 
represents the experiments widi the cyclone 
according to the invention. The solid parti- 
cles-bearing gas employed in this comparison 
was the same as employed in Example I. 
From the results shown in die graph it is 
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evident that while the gross separation effi- 
ciency of the conical bottom separator de- 
creases sharply as iht amount of blowback 
increases, the separation efficiency of the 
bottomless separator in accordance with the 
invention, although having a much larger 
opening than the conical bottom separator, 
decreases only gradually as blowbadc in- 
creases, and still retains a relatively high 
degree of separation efficiency at 15% blow- 
back. In a further e^)eriment, a bottomless 
tubular cyclone separator in accordance with 
the invention and having a 10* swirl vane 
ang^e was found to have a gross separation 
efficiency of approximately 54% at a blow- 
back of 19%. 



EXAMPLE in. 

The advantages of the present invention 
were further demonstrated in a series of ex- 
periments wherein the separation effidendes 20 
of the bottomless cydone separators were 
compared to those of conventional separators 
at various vane angles. The conditions under 
which these experiments were run, and the 
results thereof, are shown in Table II. The 25 
size of the slots of the flat bottom separators 
was approximately 19.05x9.525x50.8 mm 
while the opening of the conical bottom was 
25.4 — 12.7 nmi. The bottomless separator 
had a 254 mm diameter unrestricted open- 30 
ing. 



TABLE II 



Exp. 
No. 


Separator 
type 


Vane 
angle, 
degrees 


Main flow 

rate, 
NmVsec. 


Catalyst 
charge, 
g 


Gross 
efficiency, 

% 


6 


Flat 
bottom- 
two slots 


30 


0.65 


1506 


60.0 


7 


Conical 
bottom 


30 


0.65 


1492.0 


66.4 


8 


Bottomless 


30 


0.71 


1482.3 


70.7 


9 


Flat 
bottom- 
two slots 


20 


0.46 


1475.5 


64.6 


10 


Conical 


20 


0.50 


1333.0 


73.0 


11 


Bottomless 


20 


0.52 


1439.3 


75.7 


12 


Flat 
bottom- 
two slots 


10 


0.33 


1517.0 


68.6 


13 


Bottomless 


10 


0.37 


1425.6 


74.8 



In addition to determining die gross sep- also determined in several of the runs. The 
aration effidencies in the above-mentioned results of these determinations are as fol- 
35 experiments, the separation cat point was lows: 
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20 



25 



Exp, 
No. 


Separator type 


Vane angle, 
degrees 


Cut point 
diameter. 


6 


Flat bottom- 
two slots 


30 


3.3 


8 


Bottomless 


30 


2.5 


11 


Bottomless 


20 


1.86 


13 


Bottomless 


10 


1.65 



10 



15 



The above data indicate that a reduction 
in cut point to below 2.5a can be achieved 
by the use of bottomless separators having 
swirl vanes with a discharge angle of 30 
degrees or less. 

WHAT WE CLAIM IS:— 
1. An apparatus for separating finely-di- 
vided solid partides from an entraining gas, 
comprising means for supplying solid parti- 
des-bearing gas to a plurality of tubular cy- 
done separators arranged to operate in paral- 
lel and to discharge separated parddes into 
a common cdlection chamber die cross-sec- 
tional area of which, at the discharge levd 
of said separators, is greater than the com- 
bined cross-secdonal areas of the discharge 
ports of said separators, the disposition of said 
separators being such diat when said appara- 
tus is in its operating position eadi of said 
separators is substantially upri^t, each of 
said separators comprising an open-ended 
tubular vortex finder lying partly widun an 
open-ended swirl tube of substantially uni- 
form diameter, which swirl tube is co-axial 
with said vortex finder and has, at its end 
remote from said vortex finder, a partide dis- 
diarge port of substantially the same di- 
ameter as the swirl mbe, and swirl vanes for 
30 introducing solid partides-bearing gas into 
the swirl tube with tangential vdodty, said 
swirl vanes having a discharge angle of 30° 
or less (measured in the manner as herein- 
before described). 

2. A method of separating findy-divided 
solid partides from an entraining gas, which 
comprises supplying solid particles-bearing 
gas to a plurality of substantially upright 



35 



tubular cyclone separators operating in paral- 
lel, each of said separators providix^ a mbu- 40 
lar swirl zone of substantially uniform di- 
ameter into whidi the gas is introduced widi 
tangential vdodty by means of swirl vanes 
having a discharge angle of 30*^ or less mea- 
sured in the manner as hereinbefore described, 45 
withdrawing substantially partides-free gas 
upwardly from the vortex of the resulting 
swirling flow within eadi swirl zone;, aiKi 
withdrawing solid particles from the bottom 
of each swirl zone without flow restriction 50 
into a common collection zone of substantially 
greater cross-sectional area at the discharge 
levd of said separators than the combinol 
cross-sectional areas of die plurality of swiri 
zones at the bottom thereof. 55 

3. A method as claimed in claim 2, where- 
in the solid partides-bearing gas supplied to 
said plurality of cydone separators is obtained 
by dividing a common input stream of such gas 
into an equal plurality of separate gas streams, 60 
and the gas withdrawn upwardly from each 
swirl zone is combined to form a substantially 
partides-free off-gas. 

4. An apparams as daimed in daim 1 and 
substantially as hereinbefore described with 65 
reference to Figures 1 to 3 of the accompany- 
ing drawings and/or to the Examples. 

5. A method as claimed in daim 2 and 
substantially as hereinbefore described widi 
reference to the accompanying drawings and/ 70 
or to the Examples. 

ROY a ROGERS, 
Chartered Patent Agent, 
Shell Centre, London, SEl 7NA, 
Agent for the Applicants. 



Printed for Her Majesty's Stationery Office by the Oourier Press, LeamingtOQ Spa, 1975. 
Published by the Patent Office, 25 Southampton BuUdlngs, London, WC2A. lAY, from 
which copies may be obtained. 



1411136 COMPLETE SPECIFICATiON 



2 SHEETS 




is 0 repnduc'.ioii of 
on a. reduced scale 



Sheet 1 




Best Available Cop\/ 



141113B COMPLETE SPECIFICATION 



2 SHEETS ^^^^ drawin^^so repro</uct/on of 
tht Origir^^^ a reduced scale 



ret 2 




FIG. 4 



Best Available Copv 



